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Abstract
Water mist for fire suppression and control has received considerable attention as one of the potential methods for 
halon replacement. Spatially resolved information on volume mean diameter and coordinate component velocity of 
water mist has been obtained in two type fine mist, using LDA/APV System. A series of experimental study has been 
conducted to explore the CH4/air fire suppression effectiveness of water mist. The results show that Water mist 
consisting of 10-100µm water droplets is an effective flame suppressant in a co-flow cup burner flame. The diameter 
and mass fraction of water mist significantly affects the temperature distribution of the methane CH4/air flame. The 
effect of oxygen dilution is more prominent in the upper part of the flame, whereas, endothermic heat exchange with 
the droplets plays a critical role in the lower half of the diffusion flame.
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1. Introduction
With the phase-out of halons and the search for alternative agents, application of water mist as an 
effective fire suppressant has received considerable attention. Water mist that consists of small water 
droplets (Dv99 < 1000 μm) has demonstrated its capabilities in providing protection for ships, office and 
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residential buildings, heritage properties (wood stave churches, libraries), machinery spaces, gas turbine 
enclosures, bulk conveyors, flammable liquid storages, sub-floors of computer rooms, commercial 
cooking areas, and industrial oil cookers [1-8]. Water mist suppresses fire growth through main physical 
mechanisms, primarily thermal cooling, oxygen dilution, fuel surface cooling, and radiation attenuation 
[9-11]. 
Water mists are affected by drop/particle properties and transport issues. Cup burner agent behavior 
is often the basis for agent concentration guidance in the design of fire suppression systems. The cup 
burner apparatus and its use as an experimental tool in fire suppression research have been documented 
[12–17]. A cup burner flame is a non-premixed flame stabilized on a cylindrical cup that holds liquid fuel 
or delivers a low-velocity gas jet, with a surrounding laminar co-flow of air carrying the suppression agent 
of interest. There are similarities between a cup burner flame and a real fire—initial separation of 
reactants, flickering, and regions of varying strain rates—that make it a useful tool for ranking the relative 
effectiveness of suppression agents and for determining their extinction requirements in real fire scenarios 
[12,13]. Researchers have investigated the suppression behavior and effectiveness of solid and condensed-
phase particles in cup burner flames [13–15]. But few researchers have investigated the fire suppression of 
water mist in cup burner flames. Shilling et al. investigated extinction of n-heptane (liquid) cup burner 
flames with fine water mist (8.2 µm volume median diameter) [16]. Flame extinction occurred for a water 
concentration of 174 g mist/m3 air, compared to their calculated theoretical value of 149 g mist/m3 air. 
The authors postulated that the lower observed suppression effectiveness is due to different transport rates 
to the flame for the drops compared to the air. Brain et al. examined both the suppression effectiveness of 
sub 10 μm diameter water mist in a propane/air non-premixed co-flow flame and the flow and 
vaporization behavior of the water drops in this flame system [17]. Extinction concentrations were 
measured for nitrogen and for water mist, and these values were compared to determine the relative 
effectiveness of the water mist. it was determined that 66% of the total available water mist enthalpy (27% 
of available enthalpy of vaporization) is used in flame suppression. Flow field analysis show that the 
water drops evaporate well outside the flame front and primarily travel vertically past the flame. Due to 
the proximity and flow direction of the drops relative to the flame as they evaporate, the flame 
experiences only a portion of the cooling effect induced by drop evaporation. The majority of the 
evaporating drops likely exchange heat with the neighboring bulk water mist and contribute to flame 
suppression primarily by providing water vapor as a heat sink.
         In the present study, The Laser Doppler Velocimetry/Adaptive Phase Doppler Velocimetry System 
(LDV/APV system) was first used to determine the water mist characteristics at the exit of cup. Then a 
series of experimental study has been conducted to explore the fire suppression effectiveness of water 
mist in a CH4/air non-premixed co-flow flame. Especially much has been done systematically to examine 
the flame temperature distribution which can be affected by the droplet size and mass fraction of water 
mist.
2. Experimental Methods
The experiments were performed first with the use of the LDV/APV system, and the characteristics of 
the water mists were measured. Two types of droplet generators, TSI water mist generator and Delavan 
nozzles, were used to create water mist with drops less than 100 μm in diameter. Some LDV/APV results 
are measured at 0.5 cm from the exit of cup burner axis. 
The full experimental cup burner apparatus is shown in Fig.1. The apparatus includes the water mist 
generator, the fuel inlet, the oxidizer inlet, the entrainment tube, a section containing wire mesh screens 
serving as flow straighteners, a section containing windows for measurements, a section to anchor the cup 
burner, the chimney base, and the chimney. All of the outer enclosure pieces are made of 0.3 cm thick 
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Fig. 1. Schematic of the experimental apparatus.
clear acrylic. The inside section of the apparatus is circular in 
cross-section made of quartz (10.1 cm inside diameter, 0.3 cm 
thick). The outside chimney section has a square cross-section. 
A square chimney was chosen to provide better optical access
for imaging purposes. The cup is made of stainless steel and 
the outlet diameter of the cup is 2.8 cm. The bottom half of 
the cup is tapped into the stem, there is a 45-degree chamfer 
at the lip of the top. The cup was packed with 0.3 cm pyrex 
beads up to a point approximately 2 mm below the top to 
make the CH4 fuel flow more uniform at the outlet. Three 
wire mesh screens are used to straighten the flow through the 
tube as it approaches the burner. The fuel for these 
experiments was methane. The methane flow rate was 0.289 
L/min, which equates to an average velocity at the cup outlet 
of 0.7 cm/s. The total flow rate in the oxidizer was 40 L/min 
and the corresponding average velocity was 10.7 cm/s. We 
chose these flow rates to match velocity conditions used by 
others in previous cup burner flame extinction studies with 
non-gaseous agents [7–9]. 
      The experimental protocol was as follows: firstly the air 
and fuel flows were fixed, and then the mist generator was 
adjusted so that the constant water mist mass fraction was 
obtained. Secondly ignite the methane flame, wait 30 seconds 
for the system to stabilize, activate the mist generator to 
introduce water drops into the airflow. Finally measure the horizontal distribution of the methane flame 
temperature at constant height by mini thermocouple. The experiments were repeated while the water 
mist concentration in the oxidizer flow changed.
3. Results and discussion
In order to study fire suppression 
mechanisms and effectiveness of water mist, a 
series of experiments were conducted. The 
characteristic parameters of the water mists 
determined their fire extinguishing capacity. 
Fig.2 shows the radial distribution of the 
volume mean diameter of water mists 
generated by TSI mist generator under 
different water mist mass fraction. As seen 
from Fig.2, the volume mean diameter of 
water mists generated by TSI was uniform and 
not basically affected by water mist mass 
fraction. Fig.3 shows the coordinate 
component velocity of the water mists under 
water mist mass fraction of 2.1% and 7.3%, 
respectively.
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Fig.2. The radial distribution of the volume mean diameter
(TSI mist generator)
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      （a）2.1% mist mass fraction                                                              （b）7.3% mist mass fraction
Fig.3. The radial distribution of the coordinate component velocity of water mist
(TSI mist generator)
Fig.4 shows the radial distribution of the volume mean diameter of water mists generated by Delavan 
nozzle under different water mist mass fraction. As seen from Fig.4, the volume mean diameter of water 
mists generated by Delavan nozzle was not uniform and affected by water mist mass fraction. The volume 
mean diameter of water mists grows as water mist mass fraction increasing. Fig.5 shows the coordinate 
component velocity of the water mists under 2.1% and 7.3% water mist mass fraction, respectively.
Fig.4. The radial distribution of the volume mean diameter
(Delavan nozzle)
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Fig.5. The radial distribution of the coordinate component velocity of water mist
(Delavan nozzle)
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Fig.6. Flame temperature profiles at the same height under different water mist mass fraction
(a) H=2mm,  (b) H=10mm,  (c) H=20mm,  (d) H=30mm
  Fig.6  shows the flame temperature profiles at the given height from the cup exit under different 
water mist mass fraction. After introducing water mist into air flow, the flame temperature at different 
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height significantly reduce compared with methane flame of free burn, especially at the flame root. As the 
water mist mass fraction increases, more and more water droplets entrain into the diffusion flame and 
these results in larger suppression as shown by the reduction in flame temperature. This is due to the role 
played by the latent heat of evaporation on flame suppression. The temperature profiles shrinks as the 
height from the cup exit increases. The flame temperature profiles indicate an decrease in flame height as 
water mist mass fraction increases. 
    Fig.7 shows the flamelet temperature profiles vary with the height from the cup exit under different 
water mist mass fraction. Fig.8 shows the normalized reduction in max flamelet temperature varys with 
water mist mass fraction in the air flow. At the same water mist mass fraction, the decreasing temperature 
suppressed by TSI mist is larger than that by Delavan nozzle. This trend can be seen significantly as the 
water mist mass fraction increases. The reason is that the volume mean diameter of water mist generated 
by TSI is smaller than that generated by Delavan nozzle and is not changed as the water mist mass 
fraction increases. The relative contributions of thermal cooling and oxygen displacement by TSI mist are 
larger than that by Delavan nozzle. It is found that as the droplet diameter increases, the injection mist 
mass fraction required to produce the same amount of suppression also increases. Thus in a co-flow 
configuration, smaller diameter mist droplets results in better and more efficient suppression for the same 
injection mass fraction. These results keep a agreement with the numerical simulations by Prasad [18].
Fig.7. The flamelet temperature profiles vary with the height from the cup exit
As described earlier, there are four basic mechanism involved in the extinction/suppression of flames by 
water mist. These include thermal cooling, oxygen displacement, fuel surface cooling and radiation 
attenuation. Since the focus of the present work is on non-premixed co-flow flame, the effects of fuel 
surface cooling and radiation attenuation have been neglected. When diffusion flames are subjected to 
water mist, water droplets evaporate by absorbing energy from the flame. This effect of the latent heat of 
evaporation is included in the “thermal cooling” effect. Once the droplets evaporate, they produce water 
vapour which dilutes the oxidizer or the surrounding air flow. This oxygen displacement further 
suppresses the flame because of changes in rates of exothermic chemical reactions because of changes in 
densities of the reactants. The water vapour, due to its larger heat capacity as compared to air, can also 
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change the specific heat of the reactant gases resulting in further suppression of the flame. A more drastic 
effect of water vapour can be in the form of reduction/displacement of oxygen to a point where the flame 
suppresses due to oxygen starvation. All these effects other than that associated directly with the latent 
heat of evaporation are included in the “oxygen displacement effect”. Our results indicate that the effect 
of oxygen dilution is more prominent in the upper part of the flame, whereas, endothermic heat exchange 
with the droplets plays a critical role in the lower half of the diffusion flame.
Fig.8. The normalized reduction in max flamelet temperature vs water mist mass fraction
4. Conclusion
A series of experimental study has been conducted to explore the CH4/air fire suppression 
effectiveness of water mist in the cup burner. Especially much has been done systematically to examine 
the fire suppression efficacy of water mist which can be affected by the diameter and mass fraction of 
water mist. From above results, some conclusions can be summarized as follows:
1) Spatially resolved information on volume mean diameter and coordinate component velocity of 
water mist has been obtained in two type fine mist, using LDA/APV System.
2) Water mist consisting of 10-100µm water droplets was found to be an effective flame 
suppressant in a co-flow cup burner flame. The effect of oxygen dilution is more prominent in the 
upper part of the flame, whereas, endothermic heat exchange with the droplets plays a critical role 
in the lower half of the diffusion flame.
3) The diameter and mass fraction of water mist significantly affects the temperature distribution 
of the methane CH4/air flame. Smaller diameter mist droplets results in better and more efficient 
suppression for the same injection mass fraction. As water mist mass fraction in the air flow 
increases, the flame suppression effect for a given diameter mist droplets approximate linearly
increases.
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